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Abstract 

The recent experimental hints for a relatively heavy Higgs with a mass in the range 
119 — 125 GeV favour supersymmetric scenarios with a large mixing in the stop 
mass matrix. It has been shown that this is possible in the constrained Minimal 
Supersymmetric Standard Model (CMSSM), but only for a very specific relation 
between the trilinear parameter and the soft scalar mass, favouring A ^ —2m for 
a relatively light spectrum, and sizable values of tan/3. We describe here a string- 
derived scheme in which the first condition is automatic and the second arises as 
a consequence of imposing radiative EW symmetry breaking and viable neutralino 
dark matter in agreement with WMAP constraints. More specifically, we consider 
modulus dominated SUSY-breaking in Type II string compactifications and show 
that it leads to a very predictive CMSSM-like scheme, with small departures due to 
background fluxes. Imposing the above constraints leaves only one free parameter, 
which corresponds to an overall scale. We show that in this construction A = 
—S/y^m ^ —2m and in the allowed parameter space tan/3 ^ 38 — 41, leading to 
119 GeV <mh < 125 GeV. The recent LHCb results on BR(5, ^+ further 
constrain this range, leaving only the region with nih ~ 125. GeV. We determine 
the detectability of this model and show that it could start being probed by the 
LHC at 7(8) TeV with a luminosity of 5(2) fb~^, and the whole parameter space 
would be accessible for 14 TeV and 25 fb~^. Furthermore, this scenario can host a 
long-lived stau with the right properties to lead to catalyzed BBN. We finally argue 
that anthropic arguments could favour the highest value for the Higgs mass that is 
compatible with neutralino dark matter, i.e., nth ~ 125 GeV. 



1 Introduction 



With the advent of the Large Hadron Colhder (LHC) Particle Physics is entering into 
a new era in which a weahh of theoretical models, scenarios and ideas are being tested. 
One of the most prominent ideas beyond the Standard Model (SM) is low energy 
supersymmetry (SUSY) and its simplest implementation, the Minimal Supersymmetric 
Standard Model (MSSM). Although at the moment no sign of supersymmetric particles 
has been seen, there is at least one recent LHC result which points in the direction 
of supersymmetry. The 2011 run of LHC has restricted the most likely range for the 
Higgs particle mass to be 115.5-131 GeV (ATLAS) [H and 114.5-127 GeV (CMS) [2]. 
In addition, there are hints observed by both CMS and ATLAS of an excess of events 
that might correspond to 77, ZZ* — )■ 4/ and WW* — )■ 21 decays of a Higgs particle 
with a mass in a range close to 125 GeV. Interestingly, such values for the Higgs mass 
are consistent with the expected range < 130 GeV for the lightest Higgs in the MSSM. 

Although in qualitative agreement with MSSM expectations, the hints of a 125 GeV 
Higgs are slightly uncomfortable for models like the Constrained Minimal Supersym- 
metric Standard Model (CMSSM), in which the complete SUSY spectra is determined 
in terms of a few universal soft supersymmetry-breaking parameters M, m. A, B, and 
H [3]. Indeed lighter Higgs masses of order 110 — 115 GeV are generic in the CMSSM 
parameter space. In order to get values as large as 125 GeV one needs to have heavy 
stops with a sizable LR-mixing and large values of tan/3, leading typically to a very 
heavy SUSY spectrum. In fact it has been noted [H El [6l [7j (see also [H |9]) that the 
areas of the CMSSM parameter space compatible with 125 GeV Higgs show a very 
strong preference for the region with A ~ —2m if the SUSY spectrum is not to be 
very heavy 0. But why should nature be centered in that peculiar corner of parameter 
space? 

A possible explanation for relations among soft terms like, e.g., A and m requires 
going beyond the general assumptions underlying the CMSSM scheme and being more 
specific about the origin of SUSY breaking. The CMSSM boundary conditions are 
obtained in supergravity mediation schemes with unification (GUT-like) constraints 
and universal kinetic terms for all the SM matter fields. In order to get relations 
among the M, m, A, M, /i parameters one needs very specific classes of low energy 

= 1 supergravity models. It is here where string unification models arising from 
specific classes of string compactifications may be useful. 

^Note in passing that a 125 GeV Higgs is difficult to accommodate in the simplest gauge mediation 
scenarios since A = in these schemes, see Refs. [51 [TUl [TT] . 
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Indeed, in low-energy supergravity models coming from string compactifications the 
gauge kinetic functions as well as the kinetic (Kahler metrics) terms of the SM fields are 
not arbitrary and depend on the moduli of the corresponding string compactification. 
If the auxiliary fields of the moduli are the source of SUSY-breaking, specific relations 
among the different soft terms are obtained. These have been worked out for heterotic 
vacua [121 [131 ttH [IS] (see e.g. Ref. [16] for a review and further references) and gen- 
eralized for the more recent case of Type II orientifold compactifications [T71 [181 [19] . 
See also Ref. [20] and references therein for explicit SUSY-breaking models in Type II 
orientifolds. 

In the last decade there has been important progress in the construction of semire- 
alistic Type II string vacua. With the advent of the D-brane techniques it has been 
possible to construct Type II string orientifold configurations of branes yielding a mass- 
less spectrum close to that of the MSSM (see Ref. [2T] for a review). A particularly 
successful scheme is the one based on Type IIB orientifolds with the SM fields residing 
on intersecting 7-branes and their non-perturbative generalization, F-theory. One of 
the attractive aspects of this large class of compactifications is that it is well under- 
stood how the presence of antisymmetric field fiuxes and possibly non-perturbative 
effects can give rise to a complete fixing of the moduli of the compactification ^22j (for 
reviews see Refs. [23l [2^ [2T]). In addition, the large number of possible fiuxes allows 
to fine-tune the vacuum energy to a small but positive value, in a way compatible with 
a no n- vanishing positive cosmo logical constant. 

Besides fixing the moduli, such fiuxes in general give rise to soft SUSY breaking 
terms for the MSSM fields in semirealistic compactifications [25j. In particular, it has 
been found that certain ISD (imaginary self-dual) fiuxes correspond to the presence of 
Kahler modulus dominated SUSY-breaking, providing an explicit realization of gravity 
mediation SUSY-breaking in string theory. Such type of fiuxes are important since it 
has also been shown that they are consistent with the classical equations of motion of 
Type IIB orientifolds [2S]. 

In Ref. [in] we carried out a general study of the soft SUSY-breaking terms arising 
under the assumption of Kahler moduli dominated SUSY-breaking in string theory. 
Under the additional assumption of a unified structure analogous to that obtained in 
SU{5) orientifolds or F-theory GUT's one obtains universal soft parameters, similar to 
those in the CMSSM or slight generalizations. Imposing correct radiative electroweak 
symmetry breaking (REWSB) [27] and viable neutralino dark matter we found that 
essentially only one single type of configuration survives. These are models in which the 
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SM fields live at the intersection of 7-branes, very much like in the recent F-theory GUT 
constructions (see Refs. [28l|29l[30] for reviews and references). In the latter, quarks and 
leptons live confined in complex matter curves embedded in the bulk 7-brane in which 
the SM gauge group lives (see Fig.[T]). Yukawa couplings arise at the intersection points 
of the different matter curves. It must be emphasized that this kind of constructions 
form a large class, since several other string constructions are their duals. Thus for 
example Type IIA orientifolds with the SM at intersecting D6-branes are their mirror 
and F-theory constructions are also directly related to M-theory compactifications in 
manifolds of G2 holonomy, see Ref. (21] for a review of these connections. 




Figure 1: General structure of a local F-theory SU{5) GUT. The GUT group lives 
on 7-branes whose 4 extra dimensions beyond Minkowski wrap a 4-cycle S. This S 
manifold is inside a 3 complex dimensional manifold B-^ where the 6 extra dimensions 
are compactified. The gauge bosons live in the bulk of S whereas quarks, leptons, and 
Higgsses are localized in complex curves inside S. These matter curves (10 and 5 in 
the figure) correspond to the intersection of the 7-branes wrapping S with other U{1) 
7-branes (not depicted in the figure). There is one matter curve for each SU{5) rep. 
and at the intersection of matter curves with Higgs curves H^, Yukawa couplings 
develop (figure taken from Ref. [2T]). 

In the present paper we explore in further detail this string theory configuration 
beyond the results of Ref. [IS] and study its phenomenological consequences, including 
the Higgs masses and sparticle spectrum. We also study the LHC reach in testing these 
models. In doing this analysis we find a number of interesting new results: 

• We have realized that our construction, put forward a few years ago [T^, does 
contain the ingredients which favour a relatively heavy lightest CP-even Higgs 
mass. Indeed, in these constructions one has a very predictive set of boundary 
conditions with M = \/2m = —(2/3)A = —B so that one is essentially left with 
two free parameters, M and /i. In particular, this implies A = —3 / \/2m ~ —2m, 
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one of the necessary conditions for a heavy lightest Higgs (for not too heavy 
squark / gluino spectrum) . 

• The boundary conditions are consistent with radiative EW symmetry breaking 
and a shght deformation (which might be induced by gauge fluxes and which 
leads to non-universal Higgs mass parameters) makes it also compatible with 
viable neutralino (mostly bino) dark matter. The correct neutralino relic abun- 
dance is obtained through coannihilation effects when the neutralino, Xi; 

the lightest stau, fi, are almost degenerate in mass. However, this only happens 
for large values of tan P ~ 40 (the second condition for a heavy Higgs), and 
M < 1400 GeV, where M is the universal gaugino mass at the unification scale. 
There is also a lower bound M > 570 GeV in order not to violate the experimental 
bounds on the branching ratio of the rare process b — > 57. Since this construction 
has essentially three free parameters, M, /i and a small flux parameter pn, after 
imposing REWSB and correct dark matter the Higgs and sparticle spectrum are 
very much constrained. In particular, having 570 GeV < M < 1400 GeV forces 
the lightest Higgs mass to be in the range 

119 GeV <mh < 125 GeV , (1.1) 

in agreement with the range favoured by 2011 LHC data. In addition, the recent 
constraint on BR(i?s /U^/W ) reported by the LHCb collaboration [21], further 
reduces this range, leaving only the region with mh ~ 125 GeV. 

• Once the Higgs mass is known, one can extract, at least in principle, the complete 
SUSY and Higgs mass spectrum. In practice both the experimental error of the 
Higgs and the top quark mass as well as inherent errors on the computation of the 
Higgs mass somewhat limit the accuracy of this computation. Still, this range 
of Higgs masses points to a relatively heavy SUSY spectrum but, fortunately, 
testable at LHC. A Higgs heavier than 119 GeV would imply squarks and gluinos 
heavier than approximately 1.2 TeV, consistent with LHC limits obtained with 
1 fb~^. If the signal for a Higgs mass around 125 GeV is real, one would expect 
first generation squarks of order 2.8 TeV and gluinos of order 3 TeV. 

• In order to find the LHC reach for this model we have simulated background and 
signal events using Monte Carlo tools (PYTHIA and PCS). From the jets+missing 
energy signature, we find that the LHC at 7(8) TeV will be able to test the 
model up to M < 600(700) GeV, for an integrated luminosity around 20fb~^, 



4 



corresponding to squarks and gluino masses around 1.4 TeV. Likewise, the LHC 
at 14 TeV will be able to test the full parameter space with M < 1.4 TeV and 
an integrated luminosity around 25 fb~^. 

• In the region with ^ 125 GeV we find that the mass-difference between the 
lightest stau and neutralino masses is extremely small, (m| — m^o) ~ 0.1 GeV, 
thereby making the stau a very long-lived particle. Interestingly, the stau has the 
right properties to lead to Catalyzed BBN, alleviating the problems associated 
to the Lithium abundance in standard BBN. 

• CMSSM-like models are known to require a certain amount of fine-tuning and this 
is no exception. A fine-tuning of order of a percent in the M, /i and pH parameters 
is expected in order to obtain both correct REWSB and viable neutralino dark 
matter. Concerning the origin of this fine-tuning, the fact that small deviations 
from the parameters drive the theory into catastrophic regions with unbroken EW 
symmetry and/or above critical matter densities suggest a possible environmental 
(anthropic) explanation. It has been argued that the little hierarchy oi the MSSM 
could be a result of an anthropic selection [32]. We argue that the requirement 
of viable neutralino dark matter could also add arguments in that direction. One 
may argue that if the free parameters scan in a landscape, this would tend to 
favor the heaviest spectrum consistent with both REWSB and neutralino dark 
matter. This would in turn favor the largest Higgs mass within this scheme, of 
order 125 GeV. 

The paper is organised as follows. In the next chapter we give a brief overview 
of the soft terms which are induced by modulus dominance in Type IIB models with 
the SM fields at intersecting 7-branes. In chapter 3 we study the Higgs and sparticle 
spectrum consistent with both REWSB and viable dark matter in the context of this 
model. In chapter 4 we study the LHC reach for testing the model and in chapter 5 
we discuss the possible environmental origin of the fine-tuning required in this class of 
models. Conclusions are left for chapter 6. 

2 SUSY-breaking in string theory and modulus dom- 
inance in Type IIB orientifolds 

We present here a brief review of a few elements which are relevant for the construction 
of this class of models, see Refs. [2T] and [IH] for further details. Readers interested 
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only in the phenomenological applications of the model may jump safely to chapter 3. 
We assume that the SM gauge fields reside at a stack of 7-branes wrapping a 4-cycle 
5* (of size controlled by a Kahler modulus t) in a 6-manifold whose overall volume 
is controlled by a large modulus th ^ t. In the F-theory context these moduli t, th 
would correspond to the size of S and B3. As argued in Ref. [19] we can model out this 
structure with a Kahler potential of the form [331 El] 

G = -21og(t;;/' - t'/^) + \og\W\\ (2.1) 

with t = T + T* being the relevant local modulus associated to the SM and W the full 
=upe.potentialB The SM .natte. fields C„ of the MSSM .e=ide at the intersection of 
7-branes. Then the gauge kinetic function and the Kahler metrics of the matter fields 
are given to leading order in 1/tb by [351 119] 

f = T; = (2.2) 
tb 

where is the modular weight of the corresponding particle. Its value depends on the 
geometrical origin of the field with = 1/2 for fields localized on intersecting 7-branes. 
Note that the SM gauge couplings are unified and determined by the real part of /. 
Using this information and assuming that the auxiliary field of the local modulus has 
Ft 7^ 0, using standard supergravity formulae (like e.g. those in Ref. [16]) it is easy to 
derive the simple set of soft term boundary conditions [TBI [19] 



ml 


= (i-ui^r, 


a = Q,U, D, L, E, H^, H, 


Au 


= -M(3 - 


- iq - iu) , 


Ad 


= -M(3 - 


- - ^d) , 


Al 


= -M(3 - in. 




B 


= -M(2 - 





where M is the universal gaugino mass and the notation is standard. In the case under 
consideration quarks, leptons and Higgs fields live at 7-brane intersections and hence 
C,a = 1/2 for all a. Then one gets the simple set of boundary conditions 

M = V2m = -{2/3)A = -B . (2.4) 

^We ignore the dependence on the dilaton and complex structure fields which are typically fixed 
in the presence of closed string fluxes. There may also be additional Kahler moduli which will not 
modify the general arguments applicable to any local brane configuration. 



6 



Here we have assumed that there is an exphcit /i-term from some unspecified origin 
(possibly also fiuxes), so that the model would have in principle only two free param- 
eters, M and /i and therefore constitutes a slice of the CMSSM boundary conditions. 

In general, magnetic fiux backgrounds may be present on the worldvolume of the 7- 
branes in order to get a chiral spectrum. In the presence of magnetic fiux backgrounds 
in the 7-branes the kinetic functions and Kahler metrics may get small corrections 
which have the form in the dilute fiux approximation [361 [IS] 

f = ni + a|) ; = ^(1 + ^) , (2.5) 

where a and Ca are constants and S is the the complex dilaton field. These corrections 
are suppressed in the large t limit, corresponding to the physical weak coupling. In 
this limit one may also neglect the correction to / compared to that coming from Ka- 
One then finds corrected soft terms of the form 

^/ = l\M\\l-lpf), (2.6) 
< = 1\M\\1-Iph), (2.7) 

A = -^M(3 - Ph - 2pf), (2.8) 
B = -M{1-ph), (2.9) 

where pa = Ca/t^^'^- Note that as an order of magnitude one numerically expects 
Ph ~ l/t^/^ ~ (^GUT — 0-2- These expressions are further simplified if one assumes 
that, e.g., only the fiux correction to the Higgs Kahler metric is non negligible. This is 
for example what happens in F-theory SU{5) GUTs, in which it is assumed that the 
hypercharge fiux is only non-vanishing in the Higgs matter curve. In what follows we 
will only consider this case, although we have done an analogous analysis with 7^ 
which yields completely analogous results (although requiring slightly larger pn)- 

3 Higgs and SUSY spectrum in the Modulus Dom- 
inated CMSSM 

In the scheme under discussion we are thus left with soft terms at the string unification 
scale with the relations 

m) = ^|M|^ (3.1) 
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B 



A 



^M(3 - ph) , 
M{1-Ph), 



(3.2) 



(3.3) 
(3.4) 



where pn parametrizes the effect of magnetic ffuxes on the Higgs Kahler metrics, see 
Ref. p[9]. As we said, this set of soft terms constitutes a deformation of a shce of the 
CMSSM with shghtly non-universal Higgs masses. We will call it Modulus Dominated 



Figure 2: Pictorial view of the modulus dominance constrained MSSM as a slice of the 
Higgs non-universal HNUMSSM which is a slight deformation (due to the small flux 
parameter) of the CMSSM. 

Consistency of the scheme requires this parameter to be small so that indeed the 
interpretation of pn as a small flux correction makes sense. Note that we thus have 
essentially two free parameters, M and p, with a third parameter pn restricted to be 
small. We are going to impose two constraints: 1) consistent REWSB and 2) correct 
neutralino dark matter abundance. These two constraints are very stringent and it is 
non-trivial that both conditions may be simultaneously satisfied in such a constrained 
system [19]. 

3.1 REWSB and dark matter constraints: a model with a 
single free parameter 

We have performed a detailed analysis of both REWSB and dark matter constraints 
based on the above boundary conditions. A similar study was made in Ref. [19] but here 



CMSSM (MD-CMSSM, Fig.[2]). 




MD-CMSSM 
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we carry out a more through analysis, covering the full parameter space and studying 
in detail the Higgs and SUSY spectra. We also analyze the impact of the 2011 LHC 
data on our results and explore the eventual LHC reach in testing the model. 

The minimization condition of the effective Higgs potential gives rise to the weak 
scale equation 

„ —mlf tan^ B + m%,^ 1 „ , ^ 

with 



sin 2/3 = -— — '^^^^^ , o 9\ ' tan /3 = z/„/z/d. (3.6) 

In principle, the usual procedure consists in fixing the value of tan /3 and then using 
Eq. (13. 5 p to obtain the modulus of /x. The value of B is then obtained from Eq. (13.61) . 
In our case the value of B at the unification scale is also predicted so that Eqs. (13. 5 p 
and (13. 6p can be used to obtain both the values of tan/3 and /i in terms of a single 
parameter M (plus the dependence on the small flux parameter ph)- Since it is not 
possible to derive an analytical solution for tan/3 from Eqs. (13 .Sp and (13. 6p . and given 
that we also need the value of tan/3 to adjust the values of the Yukawa couplings at 
the unification scale, an iterative procedure has to be followed in which the RGE are 
solved numerically for a tentative value of tan /3, with the soft terms given by Eqs. (12. 9 p 
in terms of the two parameters M and pu- The resulting B at the weak scale is then 
compared to Eqs. (13.51) and (13.61) . and the value of tan/3 is varied until agreement is 
reached. It is often not possible to find a solution with consistent REWSB and this 
excludes large areas of the (M, pn) parameter space. 

We have implemented this iterative process through a series of changes in the public 
code SPheno 3 . [23 EB] • This code solves numerically the renormalization group 
equations of the MSSM and provides the SUSY spectrum at low energy. We use 
this code through a link in MicrOMEGAs 2.4 [HI HJl |l3j, which also calculates the 
theoretical predictions for low-energy observables such as the branching ratios of rare 
decays (6 — )■ 57, B^ — )■ p^p^) and the muon anomalous magnetic moment. The results 
are sensitive to the value of the top quark mass, particularly for the Higgs mass, see 
below. In the computation we use the central value in rrit = 173.2 ± 0.9 GeV [39] . 

In addition to correct REWSB we also impose the presence of viable neutralino dark 
matter, assuming R-parity conservation. The relic density of the neutralino is calcu- 
lated numerically using the MSSM module of the code MicrOMEGAs 2.4 and we check 
for compatibility with the data obtained from the WMAP satellite, which constrain 
the amount of cold dark matter to be 0.1008 < Qh"^ < 0.1232 at the 2 a confidence 
level 
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Figure 3: Left) Trajectory in the (M, tan/3) plane for which the REWSB conditions 
are fulfilled and the correct amount of dark matter is obtained. Right) Corresponding 
values of the flux, pn- In both cases, dots correspond to points fulfilling the central 
value in WMAP result for the neutralino relic density. The dot-dashed line denotes 
points along which the matter density is critical, flmatter = 1, whereas the solid line 
indicates the points for which the stau becomes the LSP. The points below the dashed 
line are excluded by the lower bound on BR(6 — )■ 57) and the upper bound on BR(i?s — > 
fi^p~) from Ref. [Hj and the recent LHCb result [21]. The gray area indicates the 
points compatible with the latter constraint when the 2a error associated to the SM 
prediction is included. 

Imposing both conditions we are left with a model with a single free parameter 
or, equivalently, lines in the (M, tan /3) and (M, pn) planes. In Fig. [3] we show the 
trajectories consistent with both REWSB and viable neutralino dark matter. The left 
hand-side of Fig. [3] shows how the viable values for tan /3 are confined to a large value 
region, tan /3 ^ 36 — 41. The maximum values for M and tan /3 occur for M ~ 1.4 TeV, 
tan /3 ~ 41. The existence of these maximal values are due to the dark matter condition. 
Indeed, as we will see momentarily, the LSP in this scheme is mostly pure Bino and 
generically its abundance exceeds the WMAP constraints. However along the line in 
the figure the lightest neutralino x? is almost degenerate in mass with the lightest stau 
fi (see Fig. [6]) and a coannihilation effect takes place in the early universe reducing 
very effectively its abundance. Above the point M ~ 1.4 TeV, coannihilation is not 
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Figure 4: Universal gaugino mass versus the theoretical prediction for BR(i?s — t- fi~^n~). 
The dashed lines denote the experimental upper bound on this observable from Ref. |17] 
and the recent LHCb result [31]. The 2, a theoretical error on the SM prediction is 
indicated by means of a shaded region in both cases. 

sufficiently efficient in depleting neutralino abundance and Xi ceases to be a viable 
dark matter candidate. Thus viable dark matter gives rise to a very strong constraint 
on the M value, \M\ < 1.4 TeV, which in turn implies an upper bound on the SUSY 
and Higgs spectrum, see below. Notice that for small values of the gaugino mass the 
predicted tan /3 can also be smaller. In principle one could get to values of tan /3 as low 
as 10 while still fulfilling REWSB and the neutralino relic density with M > 150 GeV. 
However, the resulting SUSY spectrum is extremely light and already well below the 
current experimental bounds. First, demanding rrih > 115.5 GeV leads to a lower 
bound on the common scale M > 340 GeV with tan /3 > 34. Similarly, current LHC 
lower bounds on the masses of gluinos and second and third generation squarks imply 
M > 400 GeV and tan /3 > 35. There is a more stringent lower bound coming from 
the BR(6 — )■ 57) constraint, which implies M > 570 GeV and tan/3 > 38. 

Finally, the experimental upper limit on BR(i?s — > fJ'^f^~) has a profound impact 
on the allowed parameter space. A combination of CMS |15] and LHCb [16] data 
recently set a bound as low as BR(_Bs — )• fi^fi^) < 1.1 x 10^^ [47j. This would lead to 
M > 560 GeV, thus having a similar effect as the other constraints mentioned above. 
However, as this work was released, the experimental bound was significantly improved 
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by the LHCb collaboration [21], leading to the unprecedented constraint BR(i?s — )■ 
fi'^fj^~) < 4.5 X 10~^. This is in fact very close to the SM prediction BR(i?s — )■ = 
(3.2 ±0.2) X 10~^ [IHlllQ] and thus has important implications in our parameter space. 
Given that our model entails large values of tan /3 and a significant mixing in the stop 
mass matrix, the resulting BR(i?s — ^ f^^f^~) is relatively large. Fig. H] represents the 
theoretical predictions for this observable as a function of the corresponding universal 
gaugino mass, showing that BR(_Bs — )■ > 4.4 x 10~^. We display in the plot 

the experimental bound from Ref. |17] and Ref. [31], explicitly showing the effect of 
the improved measurement. For each case, we take into account the 2a theoretical 
uncertainty of the SM contribution. It is in fact expected that this upper bound 
improves in the near future with new data from CMS and LHCb. This has the potential 
to disfavour our construction if no deviation from the SM value is observed, z 

On the right hand-side of Fig.|3] we display the line in the (M, ph) plane that is 
consistent with REWSB and viable neutralino dark matter. Interestingly enough, after 
applying experimental constraints, the value of pn is indeed small, of order 0.15 — 0.17 
and is very weakly dependent on M. This is consistent with the interpretation of p^ d.sa 
small correction arising from gauge fluxes, as discussed in the previous chapter. Indeed 

1 /2 

the values for pn obtained are of the expected order of magnitude, ph oc Qquj^ ~ 0.2. 

The viable points of the parameter space lie along a narrow area of the parameter 
space. In fact, small deviations in any of the parameters, M, tan/3 or ph have catas- 
trophic consequences, since either the relic density becomes too large (it very rapidly 
overdoses the Universe) or the stau becomes the LSP. We illustrate this in Fig. [3], where 
the dashed and solid lines represent the points for which Qmatter = 1 and = m^o, 
respectively. The line with critical density extends to M ^ 2.5 TeV, but the region 
fulfilling WMAP 2 a region stops at M = 1.4 TeV. Interestingly, the flux p^ cannot 
vanish (since the stau becomes the LSP), this is, even though small, a deviation from 
the CMSSM is necessary. Also, it cannot be too large or we would have an excessive 
amount of dark matter. 

As we explained in the beginning of this chapter, the p parameter is computed 
at the electroweak scale from Eq. (13. 5p . Using SPhenoS.O we have also computed its 
value at the unification scale (the effect of the RGEs is not large for this parameter) so 
that we can compare it with the soft parameters. This might give us an idea of what 

'^It should be pointed out in this respect that the inclusion of non- vanishing flux correction pf for 
sfermions in Eq. (|2.9|) can slightly alter the allowed regions in the parameter space, shifting the viable 
points towards smaller values of tan /?, thereby decreasing the SUSY contribution to BR(_Bs — > 
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Figure 5: Universal gaugino mass as a function of the resulting Higgsino mass pa- 
rameter, /i at the unification scale for those points where both REWSB and viable 
neutralino dark matter are obtained. 

the possible origin of the /i-term could beB The results are displayed in Fig.|5l where 
the ratio /i(GUT)/M that corresponds for each value of the gaugino mass is plotted. 
As we can observe, the predicted value for that ratio is approximately constant and 
satisfies fi ~ (1.5 — 1.6) M. At the point of maximal M one has approximately |/i| = 
\A\ = 3/2 1 M|. This could perhaps point towards a higher degree of interdependence 
among soft terms, see the discussion in chapter 5. 

3.2 The Higgs mass 

The lightest neutral Higgs, h, in the MSSM receives important one-loop corrections to 
its mass from the top-stop loops. The one-loop corrected Higgs mass has an approxi- 

^In particular, as noted in Ref. T^, the Giudice-Masiero [5^ mechanism would predict in the 
present model /i ~ — Af/2 and B = — 3M/2, which do not lead to consistent REWSB. 
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mate expression of the form [H] 

ml ^ M|cos22/3 + -— 1^ log ^ + -L h _ * , 3.7 

where = v\ ^ m^ = {m^^m^^y^"^ , and Xt = At — yUcot/3, all evaluated at 
the weak scale. The largest values for the Higgs mass are obtained then for large 
tan P and large stop masses. In particular, the quantity in brackets is maximized for 
\Xt\ ^ \f^mi. Interestingly enough this maximal value typically correspond to large 
values for the trilinear soft term A/m ~ ±2 (see e.g. Ref. P';'^). In our scheme we have 
A/m = — 3/-\/2 + Ph/V^ — —2 and large values of tan/3 = 36 — 41, so that relatively 
large values of the Higgs mass are an automatic prediction of our scheme. 

The 2011 run at LHC has restricted the most likely range for a SM Higgs to the 
range 115.5 - 131 GeV (ATLAS) and 114.5 - 127 GeV (CMS). Furthermore there 
is an excess of events in the 77, ZZ* — > 4Z and WW* — > 21 channels suggesting the 
presence of a Higgs boson at a mass around 125 GeV. Although more data are needed to 
confirm this excess, it is interesting to see whether a Higgs boson in that range appears 
in this construction. As we said, our scheme has essentially one free parameter and the 
allowed values for the Higgs mass turn out to be very restricted. We have computed 
the mass of the Higgs particles to two-loop order using the code SPheno linked through 
the micrOMEGAs program 0. To show the allowed values for the lightest Higgs mass we 
display in Fig.[6]the ratio {m^^ — m^o)/mf^ versus the value of the lightest Higgs mass 
mh- This mass difference is very relevant for the coannihilation effect which is required 
in this scheme to get viable neutralino dark matter. We also illustrate the variation 
resulting from the 2cr uncertainty in the WMAP result. 

One observes that there is a maximum value of the Higgs mass of order 125 GeV. 
For higher values the neutralino ceases to be viable as a dark matter candidate. This 
limit corresponds to the maximum allowed values M ~ 1.4 TeV and tan /3 ~ 41 that we 
discussed above and hence to a quite massive SUSY spectra, see below. There is also a 
lower limit coming from the lower bound on the constraint BR(6 — )■ 57) < 2.85 x 10~^ 
which leads to 

119 GeV < mh < 125 GeV . (3.8) 

In the MSSM the bound on BR(i?s — t- p^fi^) also has an impact on the predicted 
Higgs mass [53J. In our case, if the current LHCb constraint is taken at face value and 

^We have compared our results with those obtained with FeynHiggs 2 . 8 . 6 [51] [52], finding good 
agreement, within approximately 1 GeV. 
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Figure 6: The normalized mass difference {rrif^ — m^o) / irtf^ as a function of tlie liglitest 
Higgs mass m/j. Dots correspond to points fulfilling the central value in the result 
from WMAP for the neutralino relic density and dotted lines denote the upper and 
lower limits after including the 2cr uncertainty. The dot-dashed line represents points 
with a critical matter density ^matter = 1- The vertical line corresponds to the 2a 
limit on BR(6 — )■ 57) and the upper bound on BR(i?5 — > fJ'~^n~) from Ref. [17] and the 
recent LHCb result [31j- The gray area indicates the points compatible with the latter 
constraint when the 2a error associated to the SM prediction is included. 

the SM uncertainty is included in our theoretical predictions, the resulting range for 
the Higgs mass is reduced to 

124.4 GeV < < 125 GeV . (3.9) 

We have to remark at this point that these values are sensitive to the value taken 
for the top quark mass and the corresponding error. As we said we have taken the 
central value in rrit = 173.2 ± 0.9 [39]. The value of the Higgs mass is very dependent 
on the top mass. As a rule of thumb, one can consider that an increase of 1 GeV in the 
top mass leads to an increase of approximately 1 GeV in rrih [M]- Note also that the 
computation of the Higgs mass includes additional intrinsic errors of order 1 GeV, see 
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Figure 7: Ratio A/ruf at the GUT scale as a function of the modular weight ^ for the 
case without fluxes (solid line) and when a small flux {pn = 0.16) is introduced. 

e.g. Refs. [55| [56] . In any event, it is remarkable that the allowed region in our model 
is well within the range allowed by the 2011 LHC data. In particular, generic points 
in the CMSSM space tend to have a lighter Higgs mass tipically of order 115 GeV or 
lower. Our particular choice of soft terms plus the constraint of viable neutralino dark 
matter force our Higgs mass to be relatively high. 

It should be pointed out that the regions of the parameter space with larger values of 
the Higgs mass correspond to a heavy spectrum and therefore predict a small supersym- 
metric contribution to the muon anomalous magnetic moment, a^^^"^. In particular, the 
points with rrih > 124 GeV predict 10 These values show some tension 

with the observed discrepancy between the experimental value [ST] and the Standard 
Model predictions using e+e" data, which imply 10.1 x 10^^° < a^^^^ < 42.1 x 10"^° 
at the 2 a confidence level [58] where theoretical and expreimental errors are combined 
in quadrature (see also Refs. |59l[60], which provide similar results). However, if tau 
data is used this discrepancy is smaller 2.9 x 10^^° < a^^^^ < 36.1 x 10^^° pU] . 

As we said, in the context of the CMSSM obtaining a large Higgs mass and not too 
heavy SUSY spectrum requires having A ~ —2m. This may be considered as a hint 
of a scheme with all SM localized in intersecting branes and is in fact independent of 
what the possible origin of the p term is. Indeed, for general (but universal) modular 
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Table 1: Sparticle and Higgs masses in GeV and resulting value of tan /3 as a function of M. 
Note that there is a maximum value for M = 1.4 TeV where Xi becomes degenerate with the 
lightest stau, as the third column from the right shows. At that point the maximum value 
for the lightest Higgs mass ~ 125 GeV is obtained. 

weights ^ one has the relation 

A = -3(1-0'/' m . (3.10) 

For A/m ^ —2 one has ^ ~ 0.5, indicating that indeed large Higgs masses favour all 
SM particles with ^ ^ 1/2 modular weights, which correspond to intersecting branes, 
as in our scheme. This is illustrated in Fig. [71 

3.3 The SUSY spectrum 

Again, our particular choice of soft terms significantly constrains the spectrum of SUSY 
particles. Given that there is only one free parameter, fixing any value for a SUSY 
particle or Higgs field automatically fixes the rest of the spectrum. We give in Tabled] 
the values of some masses and parameters as we vary the universal gaugino mass, M. 
Let us remember that tan /3 is not an input, as it is fixed by the boundary conditions 
on B. 
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One interesting way of presenting the structure of the SUSY spectrum is in terms 
of the hghtest Higgs mass. In Fig.[8]we show the masses of the gluino and the squarks 
as a function of rrih. The region to the left of the vertical dashed line is excluded since 
it leads to BR{b — )■ 57) < 2.85 x 10~^. Note that this implies that squarks of the first 
two generations and gluinos in our scheme must be heavier than ~ 1.2 TeV. This is 
consistent with LHC limits obtained with lfb~^. For the third generation of squarks, 
the lightest stop has a mass of at least 800 GeV and the heaviest one, along with the 
sbottoms are heavier than 1 TeV. 
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Figure 8: Squark and gluino masses as a function of the Higgs mass. The region to the 
left of the vertical dashed indicates the constraint BR{b — > 57) < 2.85 x 10~^ and the 
upper bound on BR(_Bs — )■ /U"*"/i~) from Ref. [17] and the recent LHCb result [3Ij. The 
gray area indicates the points compatible with the latter constraint when the 2(T error 
associated to the SM prediction is included. 

If the signal for a Higgs at 125 GeV is real, one expects a quite heavy spectrum with 
gluinos of order 3 TeV and squarks of the first two generations of order 2.8 TeV. The 
lightest stop would be around 2 TeV and the rest of the squarks at around 2.3 TeV. 
Note however that these values depend strongly on the Higgs mass so that e.g. a Higgs 
around 124 GeV would rather correspond to squarks and gluinos around 2.2 TeV. Given 
the intrinsic error in the computation of the Higgs mass, this only give us a rough idea 
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of the expected masses for colored particles. We discuss the testability of such heavy 
colored spectra in the next chapter. 
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Figure 9: Supersymmetric spectrum as a function of the Higgs mass of the slepton 
sector, together with the masses of the heavy Higgses and the gauginos. The region to 
the left of the vertical dashed indicates the constraint BR{b — )• 57) < 2.85 x 10"'^ and 
the upper bound on BR{Bs — )■ /U+yU") from Ref. [17] and the recent LHCb result [31] . 
The gray area indicates the points compatible with the latter constraint when the 2a 
error associated to the SM prediction is included. 

In Fig.|9]we show the spectrum of un-colored particles as a function of the lightest 
Higgs mass, including neutralinos, charginos, sleptons and the rest of the Higgs fields. 
The region to the left of the vertical dashed line is again excluded since BR(6 — )■ 57) < 
2.85 X 10^^. The fact that 119 GeV < rrih < 125 GeV strongly restricts the spectrum. 

The hierarchy in the sparticle mass pattern is a quick way of classifying a supersym- 
metric model and understanding the kind of signals it may give rise to in LHC. Several 
structures have been identified (see Ref. [S3] and references therein) that can originate 
from the CMSSM or non-universal supergravity scenarios. In our case, the model is 
very close to the CMSSM in the coannihilation region but further constrained. As a 
consequence, the resulting hierarchy in the supersymmetric spectrum is a very specific 
one. More specifically, the five lightest supersymmetric particles display the following 
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structure: 



Xi<h<X2-xt < Ir for rrih < 120 GeV , 
X? < Ti < Ir < Xi for > 120 GeV . 

These scenarios are analogous to mSP6 and mSP7, respectively, in Ref. [63]. The change 
of pattern is difficult to appreciate in Fig.[9l since the mass difference between Ir and 
the second-lightest neutralino is small (of order 10 GeV). Also, the mass difference 
between the second lightest neutralino and the lightest chargino is merely a fraction of 
a GeV. 

The almost identical values of the masses of X2 xt is expected since both fields 
are mostly Winos. On the other hand the degeneracy with the Ir fields is a peculiarity 
of the structure of soft terms in this model. Indeed the weak scale masses for these 
fields have the structure 

Ko ^ m^]M'^OMM\ (3.11) 
mf ~ + 0.15 ~ 0.65 M^, 

where in the second equation the boundary condition m = M/ a/2, characteristic of the 
present model, has been used. From Fig.[9]we see that the lightest charged sparticle is 
a stau, with a mass in between 200 and 550 GeV. The lightest slectrons and charginos 
are in the region 400 to 1000 GeV. The remaining Higgs fields will be heavy, in the 
700 to 1600 GeV range. Thus there is a good chance to produce weakly interacting 
charged sparticles in a linear collider. 

For completeness we also show in Fig. [TU] the branching ratios of the different decay 
modes of the lightest CP-even Higgs, computed using code SPhenoS.O, as a function 
of its mass in this construction. The composition of the lightest Higgs is very similar to 
that in the CMSSM and therefore these results are quite standard. The leading decay 
mode is hh although the contribution from WW is almost comparable for large Higgs 
masses. 

Let us finally address the direct detectability of dark matter neutralinos in this 
construction. We show in Fig. [11] the theoretical predictions for the spin-independent 
contribution to its elastic scattering cross section off protons, function of 

the neutralino mass, together with current experimental sensitivities from the CDMS 
(showing also the combination of its data with those from EDELWEISS) and XENON 
detectors. After imposing all the experimental constraints, this scenario predicts 
10^^ pb > cr^o_p ^ 5 X 10^^^ pb. This is far from the reach of current experiments. 
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Figure 10: Branching fractions for the decay of the hghtest CP-even Higgs as a function 
of its mass. 

Next generation experiments with targets of order 1 ton would be able to probe only 
a portion of the parameter space, corresponding to neutralino masses lighter than 
300 GeV (and therefore to Higgses as heavy as approximately 121 GeV). This was to 
be expected, as these results are typical of the CMSSM in the coannihilation region. 

4 Detectability at the LHC 

4.1 Jets and missing transverse energy 

Having already described the SUSY spectrum, let us now address the detectability of 
this construction at the LHC. In the light of the current and predicted status of the 
collider, we will consider three possible configurations, with energies of ^/s = 7, 8 and 
14 TeV. Our goal is to determine the potential reach of the LHC as a function of the 
luminosity. In order to do so we have performed a Monte Carlo simulation for the 
different points in the viable parameter space. 

As we commented in the previous chapter, the SUSY spectrum is calculated for each 
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Figure 11: Spin- independent part of the neutralino-proton cross section as a function 
of the neutrahno mass for points reproducing the WMAP rehc abundance and in 
agreement with all the experimental constraints. The current sensitivities of the CDMS 
[73], CDMS combined with EDELWEISS [71] and XENONIOO [75] experiments are 
displayed by means of dashed, dot-dashed and solid lines, respectively. The dotted 
line represents the expected reach of a 1 ton experiment. The gray area indicates the 
points compatible with the LHCb constraint when the 2a error associated to the SM 
prediction is included. 

point using a modified version of SPheno 3.0. The output, written in Les Houches 
Accord format, is directly linked to a Monte Carlo event generator. We have used 
PYTHIA 6.400 [75] to this aim, linked with PCS 4 [77], which simulates the response 
of the detector and uses TAUOLA [67] for the calculation of tau branching fractions. 

We include the main sources for SM background, taking into account the produc- 
tion of ti and WW/ZZ/WZ pairs, as well as W/Z +iets. The latter give the main 
contribution [7Tt [72] to the background at the relevant energies. The production cross 
sections for these different processes are summarised in Table[2l For the production of 
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W/Z+iets we have taken the results provided by PYTHIA. 
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NLO 
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8521™ pb 


NLO 
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"w-z 
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NLO 

"zz 


6.46^^-]l pb 


7.921-^1 pb 


17.72+3-5% pb 
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1.46 X 10^ pb 


1.74 X 10^ pb 


3.50 X 10^ pb 


LO 
"Z+jets 


6.76 X 10* pb 


7.98 X 10^ pb 


1.57 X 10^ pb 



Table 2: Cross sections for the production of tt [64J and WW/ZZ/WZ [65] pairs, as well as 
W/Z+iets. (*) Rough estimate obtained from the data of Ref. [64j . 

The production cross section of Supersymmetric particles has been computed us- 
ing Prospino 2.1 [66], which provides the result at NLO. The leading contributions 
obviously comes from the production of coloured sparticles, gg, gq, qq. The actual val- 
ues are a function of the gluino and squark masses and have been calculated for each 
specific case. 

In order to determine the LHC discovery potential we have studied the simplest 
signal, consisting on the observation of missing transverse energy, ^t, accompanied by 
a number {n > 3) of jets. We have used Level 2 triggers in PGS, but supplemented 
these with additional conditions on the eligible events. Namely, we have implemented 
the following selection cuts, mimicking those used by the ATLAS Collaboration: 

- Leading jet Pt > 130 GeV, 

- Second jet Pt > 40 GeV, 

- Third jet Pt > 40 GeV, 

- me// > 1000 GeV, 

where rrieff = i?™*'^ + P^'^*^ is calculated from the three leading jets defining the 
region. Fig. [12] shows a series of histograms for the missing energy resulting from the 

^Calculations of this quantity at the NLO can be found in e.g., Refs. [5SJini]. The uncertainty of 
the result using PYTHIA compared with current data and other simulators can be found in Ref. [7D] . 
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Figure 12: Missing energy histogram for the SM background (in red) and SUSY signal 
in the modeL On the left hand-side we assume ^/s = 8 TeV and a luminosity of 20 fb~^ 
and simulate the signal for M = 570 GeV (solid line) and M = 700 GeV (dashed line). 
On the right hand-side we assume ^/s = 14 TeV and a luminosity of 30 fb~^ and 
simulate the signal for M = 800 GeV (solid line) and M = 1400 GeV (dashed line). 



SM background (red line) and the expected signal events for several examples in the 
parameter space. In particular, choosing ^/s = 8 TeV and a luminosity of 20 fb~^ we 
display the expected signal in our model when M = 570 GeV and 700 GeV. Similarly, 
for ^/s = 14 TeV and a luminosity of 30 fb~^ the predictions for the cases M = 800 GeV 
and 1400 GeV are shown. 

As we can see, the signal dominates over the background above a given value of the 
missing energy with a slight dependence on M. The actual number of events obviously 
depends on the luminosity. Given a number of signal events Ns and background events 
Nh that satisfy our series of cuts, a statistical condition for observability may be defined 
as 

>4, ^>0.1, AT, >5. (4.1) 



It is customary to set a fixed cut for the missing energy in order to determine these num- 
bers, however we have implemented an adaptive method which estimates the optimal 
value for the cut in for each value of M. The idea is to maximize the signal- 
to-background ratio while guaranteeing that the number of signal events is enough 
{Ng > 5). In particular, if the spectrum is heavy and the signal is expected to be 
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Figure 13: Maximum value of M that can be explored at the LHC with ^/s = 7, 8 TeV 
(left hand-side) and ^/s = 13, 14 TeV (right hand-side) as a function of the luminosity. 

centered around a larger then the cut in can generally be increased so as to re- 
duce the number of background events as long as the number of signal events is above 
critical. The latter obviously depends on the luminosity. 

Using this "adaptive cut" in we have determined, for each given value of the 
luminosity (and for each LHC energy configuration), the maximum value of M for 
which the number of signal events satisfies condition (14. ip . This is, we have calculated 
the detectability potential of LHC for this specific model. The results are displayed 
in Fig. [131 where the maximum value of M is plotted as a function of the luminosity. 
Operating at ^/s = 7, 8 and 13, 14 TeV, LHC will be able to test this scenario up to 
M ^ 600, 750 and 1400 GeV, respectively, with a luminosity of 20, 30 and 30, 50 fb~^ 
In fact, the LHC at 14 TeV would be able to explore regions of the parameter space 
with a larger M than the one displayed in the plot. However, as shown in the previous 
chapters, there is actually no point of the parameter space above that value for which 
REWSB and dark matter conditions are fulfilled, and for that reason the line flattens 
at M = 1400 GeV. 

In order to check the validity of our "adaptive cut" in we have applied it to 
the CMSSM and compared the resulting predicted reach with those obtained by the 
ATLAS [ni] and CMS |71j collaborations for the same signal. We have obtained a 
similar reach. Remember in this sense that ATLAS and CMS use a given value for the 
cut in at low masses and a larger value for heavier masses. 
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4.2 Other signatures 

As we described in chapter 3, the viable regions of the model correspond to the coan- 
nihilation region in which the lightest neutralino and ligtest stau mass are almost 
degenerate. This class of scenarios has received a lot of attention in the literature 
[78t [79| [80] , since they can give rise to very characteristic signals. In particular, the 
following decay chain is dominant for the second-ligest neutralino, X2 ~^ '^^1 ^ '^''"X.iJ 
leading to signals characterised by multiple low energy tau leptons [79j. In particular, 
one can search for pairs of opposite sign taus, accompanied by a number of jets, which 
would be relatively abundant, compared to other characteristic SUSY signals [80] . 

4.3 Long-lived staus and Big Bang Nucleosynthesis 

Finally, as we can observe in Fig.|6l the region with larger values of the Higgs mass 
is precisely that with a smaller mass-splitting between the stau and the lightest neu- 
tralino. In fact, for Higgs masses above ruh > 124.5 GeV, for which the recent LHCb 
constraint on BR(i?s — )■ fi^fj^^) is satisfied, one finds rrir^ ~^xi GeV. This implies 

that the two body decay fi — t- Xi^ is no longer kinematically allowed and the stau has 
to undergo three or four body decays (fi — )■ Xi^r^r or fi — t- Xif^^fi^r)- This increases 
significantly its lifetime which is now larger than 10^'' s [8IJ. The presence of long-lived 
staus in the Early Universe has appealing implications for Big Bang Nucleosynthesis 
(BBN). The stau can form a bound state with nuclei leading to a catalytic enhance- 
ment of certain processes (in particular, ^Li production) [H2]- Moreover, it also provides 
additional decay processes for ^Li and ^Be, thereby solving the apparent discrepancy 
between the observed abundances of these elements and the predicted values in the 
Standard BBN [831 Ell ES]. Indeed, as recently pointed out in Ref. [86], the observed 
value of ^Li can be reproduced if m^^ — m^o ^0.1 GeV, without conflicting with the 
abundances of the rest of the light elements. Remarkably (see Fig.[HD, this corresponds 
to nih ^ 125 GeV. 

This provides an interesting possibility, the observation of a stable charged particle 
in the LHC (due to its lifetime, the stau would decay already outside the detector) 
[571 EH] • Notice that staus in these regions have a mass of order 600 GeV, therefore 
satisfying the current bounds for long-lived charged particles obtained in ATLAS (at 
a/s = 7 TeV and with a luminosity of 37 pb^^), which impose nif-^ > 135 GeV at 95% 
CL [HE]. 

Finally, long-lived staus might also be searched for in neutrino telescopes after their 
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production inside the Earth from the inelastic scattering of very energetic neutrinos 
[901 190] - although the prediction for their flux is generally very small |91j . 

5 A fine-tuned MSSM, a 125 GeV Higgs and the 
landscape 

It is well known that present experimental bounds on SUSY particle masses indicate 
a certain amount of fine-tuning at the percent level in the fundamental parameters of 
CMSSM models. Our case is no exception, the only difference being that the number 
of fine-tuned parameters is reduced. There are essentially three free parameters to be 
tuned: M, /z and p^, if we leave coupling constants fixed. In our scheme there are two 
independent fine-tunings to be made. One is required to get appropriate REWSB and 
the other one required for neutralino dark matter, which forces the model to live in a 
stau coannihilation region with a good precision. These two conditions leave us with 
essentially only one free parameter which may be taken to be the overall scale M. 

The question is: why should nature take those fine-tuned values? In the context 
of low-energy SUSY different approaches have been followed to understand these fine- 
tunings (which may be reduced to only one fine-tuning if one gives up on the dark 
matter constraint). These range from choosing very particular regions of parameter 
space to reduce fine-tuning or extending the MSSM to include either singlets (as in 
the NMSSM) or new gauge interactions. Concerning the first possibility, we have seen 
that the particular choice of soft and fj, terms given by 

M = V2m = -{2/3)A = -B , /i = 3/2M (5.1) 

gives appropriate REWSB with M ^ Mz due to delicate cancellations among the 
different contributions to Mz- The first set of conditions in Eq. (15. ip are an elegant 
consequence of modulus dominance in a large class of models with fermions localized in 
intersecting 7-branes. One could argue there that, if we had a good theoretical reason 
to hold the additional condition ^ = 3/2M, there would be no fine-tuning. On the 
other hand getting viable dark matter would require pn — 0.16, but one could perhaps 
argue that this is hardly a fine-tuning since that is the order of magnitude of a flux 
correction. 

While this reduced fine-tuning would be tantalizing, there are additional hidden 
fine-tunings which make this kind of explanation for the little hierarchy unlikely. In 
particular, the Higgs potential and sparticle spectrum depends strongly on the bound- 
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ary conditions for the Yukawa couplings of the third generation quarks and leptons. 
Shght variations of these couphngs as well as the gauge couplings affect strongly the 
low energy physics and again some fine-tuning of these parameters would have to be 
made to get REWSB at the right scale. In addition in the REWSB mechanism there 
are two important mass scales, that of SUSY masses Mss and the dimensional trans- 
mutation scale QsB at which the Higgs mass matrix squared starts getting a negative 
eigenvalue, see Fig.[Tll Correct REWSB is obtained for Mss slightly below Qsb but 
those scales are very sensitive to slight variations of third generation Yukawa couplings 
and hence some fine-tuning is again implied. 

An alternative is to stick to the MSSM structure and admit that indeed the fine- 
tuning is there, in the same way that other relatively small fine-tunings exist in other 
parameters of fundamental physics. One example of this is the masses of the lightest 
generation of quarks and leptons, which have to be in the appropriate ratios so that 
both the proton is sufficiently stable (so that stable Hydrogen can form) and the 
Deuteron and heavier nuclei are also stable (see e.g. Refs. [92] for a more detailed 
discussion). In this nuclear stability case there does not seem to exist a fundamental 
reason for the ordering and size of the masses other than the cosmological development 
of appropriate chemical elements which may form the observed world (and us within 
this Universe). The fine-tuning required on the ratios of Yukawa couplings is in this 
case of order 10""^ — 10~^. This suggests an environmental (or anthropic) explanation for 
the structure of the masses of the lightest fermion generation, to some extent analogous 
to Weinberg's prediction of a non- vanishing cosmological constant [93] using anthropic 
arguments. 

It may be argued that the little hierarchy or fine-tuning problem of the MSSM 
may be another example of environmental fine-tuning p2] analogous to the above 
mentioned nuclear stability bounds 0. Consider for simplicity of exposition the case 
with very large tan /3 in which radiative EWSB is essentially generated by the Higgs 
parameter m?Hu becoming negative in the infrared. While running down in energies 
from a large unification (or string) scale Ms , solving the RGE one gets an expression 
in terms of an adimensional function F of the form 

ml^ = M^ F{{Q/Msf-r^,pH) , (5.2) 

where M is the universal gaugino mass, t] = fi/M and we have not displayed additional 

^Alternatively it could be that the full weak scale-Planck scale hierarchy could have an environ- 
mental origin, see Refs. [94l |95l [96l [97] . In these models, though, the Higgs mass tends to be heavier 
than 130 GeV [Ml EH IS]- 
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dependence on gauge and Yukawa coupling constants. As we said there is a dimensional 
transmutation scale at which F{Q'^q) = and a vacuum expectation value (vev) 
for the Higgs starts developing (see Fig. [T4|) . There is in addition a second independent 
quantity Mss which sets the scale of SUSY breaking soft terms and sparticle masses. 
In our scheme Mss is determined by the RG running of the underlying soft terms, 
which are essentially determined by M and /i. For Mss > Qsb the RGE get frozen 
at a scale of order Mss, before m'jj^ becomes negative and symmetry breaking takes 
place. However, a universe with unbroken electroweak symmetry would be unable to 
yield a sufficiently complex chemistry for life to develop and hence would be untenable 
on anthropic grounds. On the contrary, for Mss < Qsb the RGE get frozen below the 
scale Qsb, and gets fixed and negative, yielding EWSB. It may be argued |32] 
(see also |10Uj ) that in a situation in which the soft mass parameter Mss scan in a 
landscape of possible values, the most likely situation is one in which Mss is sitting 
close to Mss — Qsb, close to a catastrophic situation with unbroken EW symmetry. 
That precisely corresponds to a a fine-tuned situation with the Higgs vev well below 
Mss by a one-loop factor ^2]- 

In our case there is a second relevant dimensional transmutation scale which is 
close to a catastrophic situation. As we have explained, in our setting one gets ap- 
propriate neutralino dark matter only in the stau coannihilation region in which one 
approximately has m^^ ~ ^x?' Outside this region there is a large overabundance of 
neutralinos (or else the LSP is charged). This is clearly seen in fig 13] in which one can 
observe how correct REWSB and viable dark matter is only obtained inside a very 
narrow region in the M — tan /3 plane. The mass difference controlling coannihilation 
is 

ml - M^o = Gi{Q/M,y;ri,pH) . (5.3) 

At a scale Qdm such that G{Q\,^.j) = both masses are equal, so that appropriate 
amount of dark matter is obtained for Mss > Qdm, but very close to Mss = Qdm- 
One may use again environmental reasoning to argue that if the scale M (and hence 
Mss) scans, values of M close to its maximum would be more likely. The absolute 
environmental maximum would be that corresponding to a critical density flmatter = 1 
leading to M ~ 2.5 TeV and rrih — 128 GeV (see Fig.[6]). On the other hand we saw 
in chapter 3 that the maximum value consistent with WMAP observations occurs for 
M ~ 1.4 TeV. These values would correspond to the scale Qdm at which fi and Xi 
masses are approximately equal. All in all we would have a compressed hierarchy of 
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Figure 14: The evolution of the Higgs mass^ determinant and fi and Xi mass^ in 
the infrared. At the dimensional transmutation scale Qsb a EW Higgs vev starts 
developing. At the scale Qdm the masses of fi and Xi are degenerate signaling the 
possibility of dark neutralino-stau coannihilation. The SUSY breaking scale Mss is of 
order of the soft SUSY breaking terms and signals the scale where running gets frozen. 
If Mss scans in a landscape one expects Qdm < Mss < Qewsb, with all these three 
scales very close in magnitude. 

scales with 

Qdm < Mss < Qsb , (5.4) 

in which environmental criteria would show a preference for Mss — Qdm — Qsb 
corresponding to the maximum M compatible with both correct REWSB and viable 
dark matter. This would correspond to the largest Higgs mass values, rrih ~ 128 GeV 
in the extreme case with ^Imatter = 1 or rather nih ^125 GeV if we impose the stronger 
WMAP bounds (see Fig.|6]). So one can conclude that within the range of Higgs mass 
values 119 GeV < ruh < 125 GeV appearing in the present scheme, environmental 
arguments would favour the region close to 125 GeV. This is of course essentially a 
qualitative statement and a more detailed understanding of the different environmental 
factors playing a role in the combined REWSB mechanism and neutralino dark matter 
would be needed. 

An interesting question is whether the basic variables M , and pu are likely to scan 
in a landscape of string vacua. In the present context the MSSM gauge group lives in 
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Type IIB D7-branes (or their F-theory generalizations) with quarks and leptons residing 
at the intersection of the branes (or matter curves in the F-theory jargon). As we 
described in chapter 2, in the presence of closed string ISD backgrounds soft terms are 
generically induced. Parameters such as the gaugino mass M correspond to the closed 
string flux density through the branes. On the other hand the open string magnetic 
backgrounds through the branes are at the origin of the small correction parameter 
Ph- The origin of the /i parameter is more model dependent, although indeed closed 
string fluxes do induce /i-terms in some classes of brane configurations. Note that M 
and pH are given by local flux densities, which are not themselves quantized. Still 
in a fully fledged Type IIB compactification with multiple fluxes those local densities 
will scan as one varies the possible choices of closed string quantized fluxes. Thus 
indeed it is reasonable to expect that soft terms do scan in the landscape of Type IIB 
compactifications with fluxes. 

In the above argumentation we have ignored that in Eqs. (15. 2p and (15. 3p there is 
additional dependence of F and G on the gauge and Yukawa couplings. Concerning the 
gauge couplings they are assumed to be unified at the string scale with the (inverse) 
fine structure constant dependent on the value of the local Kahler modulus T. In the 
corresponding string vacuum the value of T is expected to be dynamically fixed, with 
its vev depending on the dynamics induced by the different flux values. This means 
that the unified couplings will possibly scan, although not necessarily in the same way 
as soft terms, which are typically directly dependent of fluxes. Finally, in the above 
two equations there is dependence on the third generation Yukawa couplings, mostly 
hti hb for equation (15. 2 p and hr for (15. 3p . In string compactifications of this large 
class the third generation Yukawa couplings are essentially determined again by the 
relevant local Kahler moduli like T and hence are expected to scan like the unified 
gauge coupling constant % Summing up, one expects both gauge and third generation 
Yukawa couplings to scan in a similar way. On the other hand the qualitative arguments 
above would not be modified much by this additional scanning. 

6 Conclusions 

In this paper we have studied in detail several phenomenological aspects of the modulus 
dominance SUSY breaking scheme that we introduced in Ref. [19]. These models are 

®This is not the case for the Yukawa couphngs of the first two generations which typically arise 
from instanton corrections in which further dependence on fluxes and other moduli may appear. 
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theoretically well-motivated since they are obtained from the effective action of a large 
class of string compactifications. These are Type IIB orientifolds with quarks/leptons 
localized at intersecting 7-branes or their F-theory generalizations. Rather than a single 
model, our results apply to one of the largest classes of string compactifications which 
may lead to realistic physics, with all moduli fixed. 

The simplest assumption that the auxiliary field of a modulus field is the origin 
of SUSY-breaking leads to a very restrictive set of universal soft terms, Eq. (12. 4p . 
The presence of magnetic fluxes, required by chirality and symmetry breaking, give 
rise to small corrections which in the simplest case induce a slight non-universality 
in the Higgs mass parameters. Thus the resulting soft terms, Eq. (12. 9p . correspond 
to a slice of the CMSSM with a slight non-universal deformation in the Higgs sector. 
Interestingly, this set of well-motivated boundary conditions leads to a number of 
attractive features: 1) Correct REWSB, 2) Viable neutralino dark matter for tan/3 ~ 41 
in the stau coannihilation region, 3) Automatic large stop mixing due to the built-in 
identity A = —3/\/2m ^ —2m and large tan/3 required by appropriate dark matter. 
This allows for a relatively heavy lightest Higgs with 119 GeV < rrih < 125 GeV and a 
not too heavy SUSY spectrum. This range narrows down to rrih ~ 125 GeV when the 
recent constraint on BR(i?s — fi'^fi~) is included. All these features are remarkable 
since this is not an ad hoc model but was introduced well before LHC data arrived. 

Fortunately, this model may be tested at LHC. The SUSY spectrum could start 
being probed by the LHC at 7 TeV with an integrated luminosity of 5 fb~^ (8 TeV with 
2 fb~^) and the whole parameter space would be accessible for 14 TeV and 25 fb~^. 
The signatures would be quite similar to those of a CMSSM model in the stau coan- 
nihilation region, with very characteristic signatures involving multi-tau events. If the 
hint of a Higgs at 125 GeV is confirmed, the colored sparticles will be heavy but still 
accessible at LHC at 14 TeV. On the other hand, for Higgs masses above 124.5 GeV 
one finds rrif^ — m^o < 1.7 GeV and the stau becomes long-lived, with a life-time 
longer than 10~^ s, leaving a distinctive track at the LHC detectors. Interestingly, if 
nif-^ — m^o ^0.1 GeV the stau has the right properties to trigger catalytic processes 
in nucleosynthesis, alleviating the problems associated to the Lithium abundance in 
standard BBN. Finally, improved results for BR(i?s — i- /U^/U^) from LHCb and CMS 
in the 2012 LHC run can directly put to test our scheme. If no departure from the SM 
value is observed it would be ruled out as it stands. Alternatively, one would have to 
give up on the neutralino as a stable LSP and allow for R-parity violation or else allow 
for a fermion flux correction p/ in the initial soft terms Eq. (12. 9p . 
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Although the number of free parameters in the present model is reduced compared 
to the CMSSM, a certain amount of fine-tuning is still required both to obtain correct 
REWSB and viable neutralino dark matter. Still, the naturally large stop mixing 
makes possible to obtain a Higgs with a somewhat large mass in the range 119 GeV 
< ruh < 125 GeV and at the same time a squark/gluino spectrum below 3 TeV, 
accessible at the LHC 

Concerning the origin of these fine-tunings, the fact that small deviations from the 
free parameters M, fi and pn and the third generation Yukawa couplings drive the 
theory into catastrophic regions with unbroken EW symmetry and/or above critical 
matter densities, may suggest an environmental (anthropic) origin. One may argue 
along the lines of Ref. [32] that indeed the little hierarchy problem of the MSSM may 
have an anthropic explanation. We have seen that the requirement of viable neutralino 
dark matter could also add arguments in the same direction. One may argue that if 
soft parameters and third generation Yukawa couphngs scan in a landscape, this would 
tend to favor the largest values of the M parameter consistent with both REWSB 
and neutralino dark matter, which in turn favour a Higgs mass of order 125 GeV. 
These arguments are however only qualitative and a more complete understanding of 
the interplay between REWSB and dark matter in environmental selection would be 
needed. 
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